Abstract. The activity of invertase and its relation to growth were studied in the epicotyls of lentil seedling,s incubated in the presence and absence of gibberelflic acid (GA).
of lentil seedling,s incubated in the presence and absence of gibberelflic acid (GA).
Invertase activity per epicotyl increases relatively more rapidly than does length, reaches a maximum during most active elongation, and declines upon cessation of growth.
GA3 enhanoes both growth and increase in invertase activity, without altering the kinetics of the 2 processes. If GA3 is added during incubation invertase activity increases more rapidly than does elongation rate.
Incubation of the seedlings in solutions of polyethyleneglycol inhibits the increase of both growtih and invertese sotivity, the latter actually undergoin.g a decline, but coauses no great change in the relative effect of GA3* In presence of polyethyleneglycol GA3 has however a relatively greater effect on invertase activity than on growth.
Sugars in the incubation medium have no significant effect on growth and invertase activity in the epicotyl, except inhilbition at relatively high concentrations.
Cycloheximide, actinomycin D, and 5-fluorodeoxyuridine (FUDR) inhibit both growth and the increase in invertase activity. Added during incubation cycloheximide oauses oomplete inhibition of growth and a decrease in invertase activity with no appreciable lag phase. With actinomycin D and FUDR the inhibition oocurs after lag periods of 2 to 3 and of at least 10 hours, respectively. Thus the increase in enzyme activity is very probably based on de-novo synthesis, and the enzyme is in a state of turnover during growth.
The enzyme is present in soluble form in the cytoplasm, not firmly bound to any cell structures.
Expansion growth of plant cells and the action of plant growth hormones in this process depend upon synthesis of RNA and protein, and in some cases also on DNA synthesis (e.g. 2, 11, 13, 14) . It seems possible that among the proteins which are synthesized during cell growth are enzymes which in turn play a regulatory function in growth, e.g.
by determining the availability of substrates. One such enzyme could be invertase. Invertase can be envisaged to control cell growth by regulating the hydrolysis of sucrose an,d also its transport to cells as well as between different compartments of the cell. It is known to have its maximal activity in the most rapidly elongating part of growing roots (9, 15) and stems (6) , and the activity has been found to increase when the growth of the tissue was promoted by applied gibberellin (8, 10, 16) .
In an effort to learn more about the possible function of invertase in the growth of plant cells and especially in cell expansion the relationship between the activity of this enzyme and growtlh was studied both in presence and absence of exogenous gibberellic acid (,GA,). The experimental system consisted of epicotyls of etiolated lentil seedlings. It was chosen because the lentil epicotyl, i.e. the internode between the points of attachment of the cotyledons and of the first scale leaf, is morphologically a clearly defined organ, is known to elongate predominantly by cell expansion, and is responsive to gibberellin (13) .
Materials and Methods
According to the methods of Nitsan and Lang (13) , lentil seeds (Lens culinaris Medik. = L. esculen7ta Mloench, cv. Persian; Washington State University, Pullman, Washington) were soaked for 8 hours in distilled water and then germinated for 4C0 hours in the dark on moist filter paper. After this time the seed coats were removed and the radicle cut back. Seedlings in this condition are referred to as seedlings in the initial state. The seedlings were then incubated for the experimental treatments under shaking in the dark in 0.1 Hoagland's nutrient solution containing 1000 units of penicillin GK per ml. For incubation with sugars the seedlings were surface sterilized and chloramphenicol (20 ug/ml) was added as an additional bacteriostatic agent. The antibiotics had, at the concentrations used, no effect on growth or on invertase activity. Usually there were 20 seedlings per 20 ml of solution. All Measured as percent of the untreated controls GA, increases growth and invertase activity to the same extent. The optimal concentration for either effect is also the same, namely 30 nim. However, the maximunm of the GA3 effect on invertase and on elongation is reached after different times of incubation (table II) . The effect on invertase is greatest after 24 hours, being about 200 % for invertase per milg l)rotein, and even more for invertase per epicotvl since the protein content in the GA:,-treated epicotyls is also increased by about 10 %. There is also an increase of invertase per mllg fresh weight of the epicotyls but it is less pronounced. On the other hand the effect of GA,, on elongation is greatest after longer times of incubation. reaching also about 200 %, but only at 72 hours. 1, top) , there is no lag for the increase in invertase activity but there is a noticeable lag for the effect on growth (fig 2) .
If added during the extraction prociedures G(\A has no effect on the activity of the enzyme.
Osmnotic Inhibitioni of Growkth. Invertase activi tv being evidently closely correlated with growth it seen3ed interesting to determine whether the activity of the enzyime could be enhanced independentlv from growth. An attempt to aniswver this question wvas made by inhibiting elongation osmotically by meanis of polvethyleneglycol (MW 1000).
Tncreasing concentrations of polvethyvleneglvcol (table IV) . Preincubation in FUDR strongly reduced the effect of GA3 subsequently added. This cannot be achieved by preincubation in an equally inhibitory concentration of cycloheximide; with this inhibitor, the action of subsequently added GA3. measured as percent of control, is unchanged (table V) .
SEITZ AND LANG-INVERTASE AND GROWTH IN LENTIL EPICOTYLS
The effect of inhibitors added after 24 hours of incubation, when elongation is proceeding at a nearconstant rate, is showli in figure 3 . The data refer to GA-treated samples only but the effects in basal nmedium were the same.
Cycloheximide added after 24 hours caused a complete stol) in elongation within a very short time. Invertase activity also stopped increasing and then decreased markedly, wvith a half-life of approximately 14 hours (fig 3, top) .
Actiniomiiycin D became effective only after a considerably longer lag period of 2 to 3 hours, and there was no change in the pattern of the decrease in enzyme activity (fig 3, center) .
FUDR added at 24 hours caused, after a lag period of at least 10 hours, only a small inhibition of growth and invertase synthesis (fig 3, bottom) .
Localization of the Enzymle Inside the Cell. For an understanding of the function of iinvertase in plant cell growth it is important to know where in the cell the enzyme is localized, and especially whether it is bound to some organelle or other cell structure. However, the centrifuged extract (8 min, 1200 X g) had about the same activity per ml as the crude, unfiltered and uncentrifuged extract containing cytoplasm as well as wall debris and unbroken cells. There was no difference in this regard between younger (24 hr incubation) and older (72 hr incubation) epicotyls, and the entire activity stayed in the supernatant even after centrifugation for 2 hours at 165,000 X g. When 0.3 % glutaraldehyde, which is known to stabilize some of the cell membranes and to increase the sedimentation rate of somiie organelles, was added to t-he medium either 3 hours prior to, or during, or after extraction, there was also no significant effect on the tendency of the enzyme to remain in the supernatant. Thus, the invertase of lentil epicotyl cells appears not to be firmly bound to the cell wall or to any of the cell organelles, but to exist in a free or easiily soluble condition in the "ground cytoplasm." Kinietics of Invertase Activity and Growth. As can be seen from the time course studies (fig 1) invertase activity in lentil epicotyls increases maximallv duriiig most active elongation, and drops rapid1v once groxvth is completed. This agrees very well with miieasurements of invertase activitv in growving roots (9, 14) and in suigarcane stems (6) .
A careful analysis of the data in figure 1 shows that first there is a maximum in the rate of invertase increase; this is followed closely by a peak in growth rate (both rates measured as slope of the curves in fig 1) . But the maximum in invertase activity is reached a considerable time after the maximum in growth rate. This discrepancy might be caused by invertase synthesis proceeding so vigorously that there is an overslhoot when growth is beginning to level off.
The increase in invertase activity is ncot a simple function of an overall increase in protein as the activity of the enzyme, on a protein basis, increased 4-fold in the absence of GA and 7-fold in its presence.
The inlhibitor studies indicate that the increase is (lependent on protein, RNA and DNA svnthesis (table IV) . This, and the very rapid effect of cycloheximide (fig 3, top) IN, and fig 3, bottom) . This and the more pronounced inhibition when FUDR was added before GA, ( (10) in Azvena internodes where presence of GA3 did cause a change in the kinetics of both elongation and invertase activity. In some cases, however, the close agreement between growth and invertase is disrupted. The increase in invertase per epicotyl during the first 34 hours of incubation is relatively greater than the increase in length (fig 1) . Under the influence of an osmotic inhibitor (polyethyleneglycol) GA, has a greater effect on invertase activity than on length (table III) . Furthermore, when GA3 is added in midcourse of growth, the gibberellin-dependent increase in invertase precedes that in growth rate (fig 2) , which corresponds to the sequence of the miaxima in the effects of GA3 on invertase and on growth during incubation (table II) . This result fully agrees with the concept that growth promotion by hormones involves an increase in the synthesis of enzymes (11, 14) .
The invertase in lentil epicotyl cells appears not to be associated with the cell walls and cannot be sedimented by centrifugation, even if glutaraldehyde is added before the extraction. The ineffectiveness of glutaraldehyde may be due to the fact that it inactivates invertase before increasing its sedimentation rate. However, on the whole the results suggest that the invertase of the lentil epicotyl cells is present in a free or easily soluble state. Thus, it would not seem to be associated with the tonoplast where it could supply osmotically active sugars into the expanding vacuole, as postulated by Cook (3) . The situation is in contrast to that in storage tissues where the enzyme is insolubly bound to the cell walls (1, 4) . In sugarcane stems a soluble invertase was found only in immature tissues while in mature parts the enzyme was associated with the cell walls (7) . It is however quite unlikely that a similar change, which would simulate a decrease of activity in the soluble fraction, occurs in the lentil epicotyls as there was no difference in invertase activity in the walls of younger and more mature epicotyls. Control of the Invertase Level. Whenever growth ceases, whether spontaneously after 48 hours of incubation or under the influence of inhibitors, invertase activity decreases. The half-life of the lentil epicotyl enzyme is about 14 hours, considerably longer than the 2 hours reported by Glasziou et al. (5) in sugarcane. Thus, the enzyme is not only synthesized but is also degraded during growth, meaning that the invertase of lentil epicotyls is undergoing continuous turnover. This turnover provides the cells with a more effective control system for the actual level of enzyme activity and thus for the level of available sugars than would be provided by only turning on and off the synthesis of the enzyme.
The results indicate that invertase is closely correlated with growth, and suggest that the enzvme is in some way essential for growth, making sugars available for cell expansion.
